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Field of the Invention 

This invention relates generally to contact lenses, and more particularly, to lenses 
suitable for corneal reshaping to correct, decrease or prevent refractive error. 

Background of the Invention 

The human visual systCTi consists of three primary components, the cornea, the 
crystalline lens and the retina. Emmetropia is the condition in vdiich incoming parallel 
light rays focus perfectly on to the redna so that clear images i.e. 20/20 vision, will be 
seen, hi myopia, or neardgfhtedness, parallel lig^t rays are focused anterior to the retina 
resulting in a blurred retinal image. In hyperopia or farsigjbtedness, the parallel lig|it rays 
focus posterior to the retina again resulting in an out of focus image. Other refractive 
anomalies such as astigmatism and presbyopia also result in blurred retinal images. 

Corrective modalities for the above mentioned refractive errors include 
spectacles, contact lenses and refractive surgery. Spectacle lenses have been the 
traditional mode used to correct refiractive enors and they consist of concave, convex or 
cylindrical lenses to bring the unfocussed parallel rays of light to focus on the retina. 
Contact lenses accomplish a similar optical correction by the placement of a rigid or soft 
plastic material directly onto the surface of ttie comea. Surgical correction of refi»:tive 
errors (i.e. RK, PRK, LASIK, intraocular lenses) works by either remodeling the sur&ce 
of the comea or by addition of a corrective lens surgically implanted witiun the eye. In 
1962, lessen introduced a non-surgical contact lens technique for remodeling flie corneal 
surface which was eventually referred to as orthokeratology. 

Traditionally, orthokeratology has been defined as the temporary reduction or 
elimination of refractive errors (myopia, hyperopia, astigmatism and presbyopia) tfaroug^i 
the application of specially designed rigid gas penneable lenses (RGPs) to reshape the 
anterior surface of tfie comea. The desired topogr^hical changes (central corneal 
flattening to correct myopia and central corneal steepening to correct hyperopia) are 
made possible througjh a unique posterior lens geometry in which flie center of the lens 
incorporates a different radius of curvature than the mid-periphery. One such geometry 
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5 that is commonly employed is referred to as a **reverse geometry design". In 
contemporary orthokeratology, the posterior lens configuration reshapes the corneal 
surface ovemight while the patient is sleq)ing. Upon awakening, the lenses are rmoved 
and the patient experiences reduced refractive error and improved vision without glasses, 
contact lenses, or refractive surgery. Since the corneal remodeling is not permanent, it is 
10 necessary for the patient to wear the rigid contact lenses every night or every other ni^t 
to retain die desired efTect 

All previous orfliokeratology technologies have used hard lenses or RGP lenses to 
achieve the corneal reshaping effects. 

While research is continuing into the mechanism underlying RGP 

15 orthokeratology, current understanding is that a hydraulic, tissue-altering force is 
generated beneath a rigid lens in which a significant differential in tear volume may be 
present. . . 

In the case of myopic orthokeratology, the desired central flattening effect is made 
possible through an RGP lens that incorporates a central radius of curvature that is flatter 

20 (ie larger radius of curvature) than the curve of the central cornea. In the mid-periphery, 
the lens incorporates a radius of curvature that is steeper (ie small radius of curvature) 
than the curve of the cornea. Together, these curves combine to form the basis of a 
reverse geometry lens design. 

The posterior shape of a reverse geometry lens creates a positive •'push" force on 

25 the center of the cornea by virtue of a fliin (q>proximately 5 micron) tear layer across flie 
central cornea. The steeper mid-peripheral curve of tiie lens creates a thick tear layer 
(^proximately 550 microns) resulting in a negative pressure or **pull- force. This 
negative pressure leads at least in part to a relative increase in mid-peripheral corneal 
thickness with respect to central thickness. Together, fliese two forces create the desired 

30 changeis seen in myopic orthokeratology. 

In the case of hyperopic orthokeratology, the current understanding is tibat flie 
mechanism works opposite to that of myopic orthokeratology. In other words, flie lens 
design creates a •*pull'* (negative) pressure in the center and a **push'* (positive) pressure 
in the mid-periphery. These forces may be genraated by a reverse geometry lens design 
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5 that incorporates both a steep central radius of ciirvatuie and a flat mid-petiphoal radius 
of curvature. This configuration creates the desired changes seen in hyperopic 
orttiokeratology. 

Currently, fliere is a wide range of lens designs marketed for corneal resh^ing 
(Table 1). in the United States, at least one design, the Paragon CRT, has been FDA 
10 J5>proved for ovanight corneal reshaping. The remaining lens designs are either q>proved 
for daily wear only or currently in some phase of their clinical studies for ovemigjit FDA 
approval. All of the louses in Table 1 are RGP laises. 



Table 1 : A number of lens designs marketed for corneal reshj^ing. 





Manafactarer 


Corneal Refractive Therapy 


Paragon Vision Sciences 


BEDesigQ 


Precision Technology 


Ck>ntex E System 


Centex 


DreimLens 


ReimLens Inc. 


Emerald Desiga 


Euclid Systems 


NightFonn 


Correctech 


Controlled Kerato Reformation 


Sami El Hage 


R&R Design 


Rinefaart / Reeves 


NightMove 


Roger Tabb 


Fargo Design 


Jim Day 


OrthoFocnis 


Metro Optics 


Wave System 


Custom Craft 


Reversible Corneal Therapy 


ABBA Optical 


Free Dimension / e Lens 


EandE Optics 


Alignment Series / Falcon 


G. P. Specialist 
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The Paragon CRT lens consists of three primary zones. The first zone consists of 
a central base ciirve radius designed to correct myopic refiractive error. This flatter radius 
of curvature is instrumental in creating the appropriate forces beneath the lens to facilitate 
the remodeling of corneal tissue. The second zone, the return zone, is a sigmoid sluqied 
10 curve that controls the amoimt of lens clearance across the central cornea. A shallower 
sigmoid ciffve brings the base curve into closer apposition to tiie cornea, whereas a 
deeper sigmoid curve results in greater apical clearance. The third and final zone provides 
alignment of the lens across the mid-peripheral comea. This zone terminates in a 
controlled edge curve designed to maximize patient comfort 

15 For many years, RGP lenses were the physiologically preferred lenses for most 

contact lens wearers. This was because RGP leases have hi^ levels of oxygen 
transmissibility, and are generally considered to be relatively physiologically non- 
damaging to the wearer's eye, for example throu^ the greater tear exchange achievable. 
RGP lenses are not, however, particularly comfortable to wear, and more recently soft 

20 contact lenses have become the lens of choice for most patientis. Indeed, in some 
countries, approximately 90% of contact lens wearers now use soft lenses. Silicone 
hydrogel Imses are a relatively recent developmoat, and provide hig^ levels of oxygen 
transmissibihty thereby eliminating flie previous disadvanta^ of soft contact lenses and 
pennitting safe overnight wear while retaining a high comfort level. Most recently, 

25 silicone hydrogel extended or continuous wear lenses have been developed which have 
sufficient tear and oxygen transmissibility sO as not to cause damage to the eye, even 
when the lenses are worn overnight during sleep, or even continuously for up to 30 days. 

It will be appreciated that soft lenses tend to conform &i better to the shape of the 
wearer's eyes than do RGP lenses. Indeed, it is the softness and confonnability of soft 
30 lenses that is believed to provide high comfort levels for the wearer. The orthokoatology 
process requires some reshaping of ttie surface of ftie eye, and accordingly it has been 
accepted wisdom that soft lenses, because of the high degree of conformity to the surftice 
of the eye, would be unsuitable for orthokeratology. 
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5 Summary of the Invention 

According to a first aspect of the invrntioii thCTe is provided a soft contact lens 
having a posterior surface for fitting to the eye of a wearer, and a convex anterior surface, 
the contact lens having mechanical properties and/or a geometric shape such that when 
the lens is fiitted to the eye the pressure applied to the eye by or via the lens will vary in a 
10 radial direction between at least one zone of higher pressure and at least one zone of 
lower pressure, the pressure gradirat between said zones, and the location of said zones» 
being selected so as to cause a dimensional change to the surface layer of &e cornea of 
the eye to thereby at least temporarily cause flie refiactive state of flie eye to diange. 

Preferably the posterior surface of said contact lens has a shape that dififers finom 
15 the contour of the eye such that some annular portion of the lens at a particular radial 
distance fi-om the center of the lens will be closer to the surface of the eye than anotiier 
annular portion of the lens at a different radial distance Sx>m the center of the lens. 

Preferably the pressures applied to the eye at each annular portion are such as to 
define a pressure gradient which is sufiSciently steqp that corneal thickness, and primarily 
20 epithelial thickness, will tend to be less near or witton the zone of higher pressure and 
greater near or within the zone of lower pressure. 

The lens may be constructed so as to have a natural or normal (non-everted) 
orientation and an everted (inside out) orientation, the leqs being stable in both 
orientations, and wherein, the posterior surface of the everted lens is defined by the 
25 anterior surface of tiie non-everted lens. 

The invention extends to a method of refi:active enor reduction of an eye by 
corneal reshaping including the steps of: 

determining the required refiiBCtive correction for the eye; and 

selecting a soft lens foimed of a material and having a geometric configuration 
30 such that when fitted to the eye will apply pressures to the surface of tibie eye in such 
manner as to assist in the required corneal reshaping. 

It would be appreciated that the present method may be augmented by adding the 
step of mapping the surface shq)e, e.g. by corneal topogrq>hy, of at least that part of ttie 
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eye which is to be subjected to reshaping in ordeac to improve the predictability of the 
corneal reshaping. However^ it is envisaged tiiat for high-volume production contact 
lenses which aims to achieve the outcome in an average individual of a large population, 
corneal m£q>ping is not absolutely essential* 

The invention Avill now be discussed in more detail with reference to the attached 
drawing. The description and drawings are not however, intended to limit the broad 
subject of the invention as defined in the claims. 

Brief Description of tfie Drawings 

Figures 1 to 26 show different comeal topography maps for eyes of subjects who 
received orthokeratology treatment in accordance with the invention; 

Figure 27 shows diagrammatically a finite element model of a soft contact lens; 

Figure 28 depicts diagrammatically the geometric parameters of a typical soft 

lens; 

Figure 29 shows diagrammatically the everted posterior surface of three different 
lenses; and 

Figures 30 to 41 show surface sag, gap (i.e. tear fliickness), pressure and stress 
differential plots of twelve different lenses modeled in accordance with the invention. 

Detailed Description of Preferred Embodiments 

The human epithelium is ^proximately 50 microns thick. The amount of tissue 
compression or displacement, that is, reduction in tissue thickness, can be estimated using 
the Munnerlyn Formula commoioly incorporated into today's excimer lasers used for 
comeal photo-refiactive surgery (Mimnerlyn CJL, Koons S.J., Marshall J., 
Photorefractive Keratectomy: A Techniqtie for Laser Refractive Surgery^ J. CATARACT 
Refract. Surg. 1988 14:46-52). This formula can be used to estimate the amount of 
tissue manipulation required for a desired refiactive change. 

Tissue Thickness Reduction - ((Optical Zone Diameter)^ x Refiactive Enor) / 3 

The Munnerlyn Formula assumes that the posterior sur&ce of the comea remains 

fixed 
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5 Exanq)le: 

Treatment zone diameter = 5,0 mm 

OZD squared (5.0 x 5.0) = 25 mm^ 

X target refractive em>r (-2.50 D) = -62.50 microns 

/ 3 = -20.83 microns 

10 Required Tissue Thickness Change = -21 microns 

In the context of corneal reshaping the change in ccmieal sagittal depth over flie 

treatment zone for a -2.5 D correction is sqiproximately 20 microns. Table 2 describes 

how die effective refractive change can increase as the treatment zone decreases. 



Table 2: Relationship between treatment zone diameter and refractive change. 



Treatment Zone Diameter 


Treatment Depth 


Expected Rx Change 


6.0 mm 


20 microns 


-1.75 D 


5.0 mm 


20 microns 


-2.50 D 


5.0 mm 


20 microns 


-2.50 D 


4.0 mm 


20 microns 


-3.75 D 


3.0 mm 


20 microns 


-6.75 D 



15 

When the Munnerlyn Formula is ^plied to contact lens corneal reshaping, the 
results demonstrate that minimal tissue displacement (approximately 9 microns per 
diopter) is required to achieve the desired optical result The formula also helps to clarify 
the relationshq) between treatment zone diameter and the amount of tissue displaced 
20 (Tables). 



Table 3: Corneal tissue displacement required for -3.00 D correction. 



Treatment Zone Diameter 


Corneal Reshaping Tissue 
Displacement 


6.0 nun 


36 microns 


5.0 mm 


25 microns 


4.0mm 


16 microns 


3.0 mm 


9 microns 
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Based on fhe Munnerlyn fonnula it would appear that most of fhe optical changes 
in corneal reshaping can be attributed to changes in the epithelium. However, the 
possibility of long term changes in Bowman's lay^ and the strontial bed may also assist in 
achieving the desired optical result 

10 As mentioned above, previous ortfaokeratology technologies have used RGP 

contact lenses to achieve their cpmeal reshq>ing effects. 

A currently favored theory as to how RGP orthokeratology works is that, for 
orthokeratology to correct myopia, a thin posterior tear layer is created when a lens with a 
central radius of curvature that is flatter (i.e. a greater radius of curvature) than that of the 

15 central comea is placed on the eye. The resulting tear fifan creates a shear pressure 
beneath the lens that redistributes the corneal thickness fix>m the center to the mid- 
periphery. This creates a positive '^ush** force on the center of the comea by virtue of a 
thin (approximately S micron) tear layer across the central cornea. The steq>er mid- 
peripheral curve of the leans creates a tiiick tear layer (^proximately 550 microns)- 

20 resulting in a negative *^ull" pressure that contributes to the redistribution of the corneal 
thickness from the center to the mid-periphoy. Together, these two forces create the 
desired topographical/optical changes seen in myopic orthokeratology. Within 
approximately 7 to 10 days of overnight lens wear, the procedure will have resulted in the 
required degree of central corneal flattening and mid-peripheral comeal steepening. 

25 As is set out in more detail below, clinical tests on patients using evoted soft 

contact lenses have found that an unexpectedly hig^ level of optical correction can be 
achieved using soft lenses. As it would be particularly advantageous to provide tiie lens 
wear ovemigjit, it is anticipated tibat soft lenses having an oxygen transmissibility of 
greater than about 87 barrers would be suitable for use with the invention (Holden B JL, 

30 Mertz G.W., Critical oxygen levels to avoid comeal akma for daily and extended wear 
contact lensesy IhfVEST OPHIHALMOL VlS Sa. 1984 25:1161-1167). Silicone hydrogel 
lenses designed in accordance with the teachings of this specification could be suitable 
for such treatment 
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5 Whilst not wishing to be bound by theory, clinical results suggest fliat the present 

soft lens design does not primarily induce its or&okeratology effect by corneal tissue 
redistribution but instead by compression of the corneal tissue. It should be xinderstood, 
however, that the present system and method may also include achieving desired effects 
through tissue redistribution, epithelial and corneal stromal cell generation and removal, 
10 cell migration or redirection, and changes in cell size, in addition to or instead of 
compression. 

The concept of corneal reshaping with a soft contact lens first came to the notice 
of ttie inventors when a patient (LJB.) presented herself witti syaq>toms of a sligjit 
deorease in visual acuity in both eyes. The patient had a one year history of successfiil 
15 30-day continuous wear with the Focus Night and Day soft lens manufactured by CIBA 
Vision Corporation in Duluth, GA. The patient had high refractive myopia and was, at 
that time, wearing tiie following soft contact lenses: 

Right Eve 

Base Curve: 8.4 mm 

20 Power. -9.00 D 

Diameter 13.8 nun 

Right Eve 

Base Curve: 8.4 mm 
25 Power -9.00D 

Diameter: 13.8 mm 
Unable to determine the nature of the patient*s visual complaints, corneal 
topographical mapping of the patient's eyes was conducted wi& a H um p hr ey Atlas 
Topographer. The map clearly indicated that the topography (shape) of the patient's 
30 anterior cornea had been altered by the soft contact iCTses. The topographical changes 
were most evident on the left eye which demonstrated a flattening ovct the cCTttral 3.0 
mm of the cornea and mid-periphCTal steepening. 

It was then postulated that the patient may have inadvertently evoted her soft 
contact lenses and had been wearing them everted fixr an unknown period of time. It was 
3 5 then agreed to perform a pilot study on the blind left eye of Patridc Caroline to detennine 
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5 if the wearing of an everted *9.00 diopter soft lens could indeed result in the 
topographical changes noted in the patient A topographical map of Febniary 4, 2002 
served as the baseline (Figure 1). 

On Wednesday, February 12^ 2003, Dr. Stacy Aboutalebi inserted an everted - 
9.00 diopter Focus Night and Day soft lens onto the left eye of Patrick Caroline. Mr. 
10 Caroline wore the lens fiom 10:00 AM until 5:45 PM. At that time a slit lanq> 
examination was performed and the soft lens was noted to be centred on the eye and the 
cornea fiee of ocular pathology. 

At 5:48 PM the soft lens was removed and corneal moping performed with ttie 
Medmont Studio Corneal Topographer (Figure 2). When the pre-fitting topography of 
15 the left eye was compared to that of the post-fitting topogr^hy, it was clear that 
significant corneal changes had resulted firom the wearing of the everted soft contact lens. 

It was then decided that flie soft lens should be reinserted and that Mr. Caroline 
should wear the lens overnight He returned to Pacific University the next day Thursday, 
February 13^ 2003, wearing the soft leas. The lens was removed at 5:10 PM and corneal 
20 mapping performed (Figure 3). Analysis of die map ^owed an increased amount of 
central corneal flattening. 

The following topogr^hical maps show the progression of the corneal flattening 
over the next few days: 

Friday, February 14* 2003 (Figure 4) 

25 Saturday, February 15* 2003 (Figure 5) 

From February 15* 2003 to Mardi I'' 2003, a series of clinical trials were 
performed to validate the concept of soft contact lenses for orthokeratology. The results 
of these experiments ftirther confirm the validity of the technique. 

At 9:42 AM on Sunday Febraary 16* 2003, a baseline corneal topography 
30 measurement was taken on Alex Caroline's blind left eye (Figure 6). At 9:50 AM an 
everted Ciba Focus Night and Day contact lens, witfi the following qiecifications, was 
inserted cmtD Alex's left ^e: 
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5 Base Curve: 8.4 mm 

Power -10.00 D 
Diameter: 13.8 mm 

Alex wore the above everted contact lens continuously imtil Monday February 
24*, 2003 at 6:56 PM. At that time the contact 1^ was removed and comeal topography 
10 was perfomied (Figure 7). On Tuesday February 25* 2003 the lens was again re- 
inserted, everted, onto Alex's left eye. On March 1"* 2003 at 1 1 :20 AM, the contact lens 
was removed and comeal topography was performed (Figure 8). The contact lens was 
again re-inserted, everted, onto Alex's left eye at 12:30 PM. 

On February 15* 2003 at 4:15 PM, baseline corneal topogn^hy was performed 
15 on Jennifer Choo (Figures 9 and 10). Jennifer's unaided acuities were 20/200 in each 
eye. Best corrected visual acuity was 20/20 in each eye with the following refraction: 

OD: -4.00/ -0.50x90 

OS: -4.25/ -0.25x90 

At 5:00 PM Jennifer was fitted with the following everted contact lenses: 

20 Right Eve Left Eye 

Purevision (Bausch and Lamb) Focus Night & Day (Ciba) 

Base Curve: 8.6 mm Base Curve: 8.6 mm 

Power -4.50 D Power -4.50 D 

Diameter: 13.8 mm Diameter 13.8 mm 

25 At 9:10 AM on February 16^ 2003 the contact lenses were removed and comeal 

topography was performed (Figures 1 1 md 12). 
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5 At 12:30 PM on Monday February 17* 2003, Jennifer placed the following 

everted Focus Night and Day lenses on her eyes: 

Right Eve Left Eve 

Base Curve: 8.6 mm Base Curve: 8.6 mm 

Power: -10.00 D Power +6.00 D 

10 DiametCT: 13.8 mm Diameter 13.8 mm 

At 7:45 AM on Tuesday February 18* 2003 the above contact lenses were 
removed and corneal topography was performed (Figures 13 and 14). Jennifer 
discontinued all contact lens wear until Thursday February 27* 2003. 

IS On Thursday February 27* 2003 at 5:28 PM another baseline corneal topography 

was performed on Jennifer Choo (Figures 15 and 16). Focus Night and Day contact 
lenses with the following specifications were placed everted on Jemiifer Choo's rig^t and 
left eyes at 11:45 PM: 

Base Curve: 8.6 mm 

20 Power. -10.00 DS 

Diameter 13.8 mm 

The contact lenses were removed at 7:30 AM on Friday February 28* 2003. 
Corneal topogr^hy was performed on that same day at 8:30 AM C^igures 17 and 18). 
Jennifff's unaided acuities were 20/200 in each eye. Best corrected visual acuity was 
25 20^0 in each eye with the following balanced refiraction: 

OD: -3.007-0.50x90 

OS: -3^/ -0,50x92 

The same contact lenses were re-inserted everted onto Jemiifer's eyes at 11:30 

PM. 

30 At 10:00 AM on Saturday March 1 2003, the contact lenses were removed. 

Corneal topography was performed at 1 1:21 AM (Figures 19 and 20). Jennifer's unaided 
visual acuity was 20/200 in each eye. She was best corrected to 20/20 in each eye with 
the following balanced refiraction: 
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5 OD: -3.00 DS 

OS: -3.25 DS 

At 12:00 PM on Saturday March 1 2003, Jennifer wore the following everted 
Focus Night and Day contact lenses: 

10 Right Eve LeftEye 

Base Curve: 8.6 mm Base Curve: 8.6nmDi 

Power -9.50 D Power: -9.50 D 

Diameter 13.8 mm Diameter 13.8 mm 

On top of the above contact lenses, Jennifer also wore the following non-everted Focus 

15 Ni^t and Day contact lenses: 

Base Curve: 8.6 nun Base Curve: 8.6 mm 

Power: +6.00D Power +5.75 D 

Diameter 13.8 mm Diameter 13.8 mm 

At 5:20 PM on Wednesday, February 19* 2003, baseline corneal topogr2q)hy 
20 measurements were performed on Dr. Stacy Aboutalebi QFigures 21 and 22). Dr. 
Aboutalebi^s unaided acuities were 20/100 in each eye. Best corrected visual acuity was 
20/20 in each eye with the following balanced refraction: 

OD: -1.25/ -0.75 x 60 

OS: -1.50/. 1.00x115 

25 At 10:30PM on Thursday February 27* 2003, Dr. Aboutalebi wore the following 

everted Focus Nigjht and Day contact lenses on each eye: 

Base Curve: 8.6 mm 

Power -lO.OOD 

Diameter 13.8 mm 

30 The above contact lenses were removed at 6:30 AM on Friday February 28* 

2003. Corneal topogn^jhy was performed at 8:39 AM (Figures 23 and 24). Dr. 
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5 AboutaleWs unaided visual acuity was 20/25-1 in the right and 20/30 in the left eye 
using a Snellen Visual Acuity Chart She was best corrected to 20/20 in each eye with 
the following refraction: 

OD: -0.25/ -0.75 x 58 

OS: -0.25 /-1 .00x1 15 

10 The contact lenses were re-inserted everted on Friday February 28* 2003 at 10:40 

PM and removed on Saturday March 1"* 2003 at 9:30 AM. Corneal mapping was 

performed at 11:09 AM (Figures 25 and 26). 

It would be clear from die foregoing experimental results that reshiping of the 

surface layer of the cornea is possible using soft contact loises. It is believed that the 
1 5 pressure applied to the eye surface by or via the lens, and flie pressure gradients betwen 

zones of high pressure and zones of low pressure determines the nature of that reshaping. 

There are many factors that determine the pressure profile between the eye and 
the contact lens. The ^pe of the wearer's eye is one such factor. Other factors include 
the diameter of the lens, the material fipom which the lens is made, the physical 
20 parameters relating to the material such as the elastic modulus, the thickness profile of the 
lens, and the shape of the posterior and anterior surfaces of the lens which also govern the 
fliickness profile. In addition, a lens whidi is everted (that is, inside-out) will have 
intCTGial stresses which will alter the pressure profile on flie eye. 

It will be appreciated that for effective resh^ing of die surface of the eye a 
25 relatively high degree of predictability with respect to the pressure profile is important 

Applicant has developed a finite element model of the geometry and performance 
of soft contact leases in order to provide the necessary degree of productivity for 
selecting a particular lens configuration for a spedfic wearer. A brief introduction to 
finite element analysis at this point may be of assistance to those readers less familiar 
30 with finite element techniques, which will thCT make the subsequent paragr^hs relating 
to pressure profile prediction more readily und0:standable. 

Finite elemait analysis (EEA) is die name given to a broad ^roach to the 
solution of physical problems in mechanics, dynamics, fluid dynamics and other fields. In 
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5 general, problems that are analytically intractable, or impractical due to size or 
complexity, are candidates for finite element analysis. Solutions are generated 
niraierically, usually by computer, and are stated to some known and acceptable degree of 
precision. A detailed description of the principles, techniques and practice of FEA may be 
found in, for example, Belytschko, Liu and Moran, Nonlinear Finite Elements for 

1 0 Contimm and Structures, Wiley, 2001 , among many other references. 

* The physical problem to be addressed is in several parts. Firstly, the problem of 
determining the pressure felt by the eye when a contact lens of a specified shsq>e and 
material is pressed against the eye by a specified pressure. Secondly, the problem of 
determining the sh^e and internal state (stress, strain etc.) of the contact 1ms subjected 

IS . to this pressure and constrained in its motion by the sur&ce of the eye. Thirdly, the 
problem of determining the shape and internal state of a lens that has been everted. It 
will be appreciated by a person skilled in the art that each of these problems is able to be 
addressed by FEA, and that several equivalent approaches are possible. It will also be 
appreciated that the physical problems described above may be solved by methods otfa^ 

20 than FEA, and that all valid methods will provide results that are similar to a reasonable 
degree. 

Figure 27 presents a diagrammatic view of a finite element model of a soft contact 
lens. The lens is rotationally synmoietric, so that only a half-cross-section need be 
modeled. The axis of symmetry lies to the left. The lens is decomposed into finite 

25 elements which behave as conceptual hoops, i.e. having annular shape about the axis of 
symmetry. Each element is given the properties of the material it is intended to mimic — 
in this case, a simple elastic material of specified Young's modulus, density and 
Poisson's ratio. The surface of the eye is modeled as a one-dimensioiial domain of rigid 
^'contact" elements. When the lens is pressed against flie eye by inqMsing a constant 

30 "eyelid** pressure on the surface of each elemrat lying on its anterior sur&ce^ the contact 
elements model the pressure and sliding between the lens and eye. The lens will 
experience stresses and strains, will bend etc. in a realistic fashion. 
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Modeling Procedure 

The model first generates a test lens geometry based on siqpplied parameters. Jn a 
two-step process, tibe model first everts tibe lens, and secondly aiq)lies a uniform pressmb 
on the anterior surface in order to press the lens against an eye of specified shape. At eadi 
step the program records the sh^ of the lens and its internal stresses. After the final 
step, the program records the pressure transmitted to the eye, the lens-eye gap, and otiier 
parameters. Everted lens shapes may be analyzed by, for example, fitting conies to 
estimate central curvature. 

Experimental Cases 

The test cases (Table 4) were designed to cover a reasonable range of powers, and 
a range of elastic moduli spanning those of currently used soft contact lens materials. 

Table 4: Schema of test cases, covering a back vertex power (BVP) range of +10 to -35 
diopters, and a modulus range of 0.2 to 10.0 MPa for one repres^tative power. Test 
cases are enumerated in the shaded boxes. 



BVP(D) Evert ed Non-Everted 



+10 
+6 
-K) 
-6 


9 ■' 






:■ 2 • 


3 


-10 . : 5 


4 


6 11 12 ; 


-20 
-30 
-35 


7. .' v 




8 


10 



0.2 1.0 2.0 10.0 2.0 

Modulus (MPa) 



Test Lens Geometry and Material 

The geometry of the test lenses was designed to be as simple as possibte while 
remaining realistic, in order to minimize the effect of multiple geometric parameters. 
With this in mind, a spherical, monocurve geometry was chosen. As many design 
parameters as possible w^ fixed across all design variations. The lens substance was 
modeled as a simple linear elastic material. Design parameters were the back votex 
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5 power BYP. modulus of elasticity, back curve radius BOZRy TnininiuTn optic zone 
thickness edge truncation thickness /«, optic zone diameter QZD, lens diameter ZD, 
and index of reflection n. The values of these parameters are shown in Table 5. The 
Tniniminrt optic zone thickness, tny is applied at either the center of the lens or at flie optic 
zone margin, depending on lens power (Figure 28), The spherical front optic zone radius 

10 FOZR was calculated via the thick-lens paraxial equation in order to give the stated back 
vertex power for the given values of BOZR, n and /or. The front peripheral curve joining 
the optic zone margin to the edge truncation is a cubic polynomial having continuous 
slope at the optic zone margin, and peripheral edge slope matched to fliat of the back 
sur&ce. The edge truncation is made normal to the back surface, and is of specified 

15 thickness Figure 28 depicts diagrammatically the geom^c parameters mentioned 
above. In addition to the elastic modulus, the contact lens material was also given a 
specified density and Poisson's ratio (1050 kg.m"^ and 0.3 respectively). These values are 
within &e range of current soft contact lens materials. Results are insoiisitive to the 
particular values chosen. 

20 

Table 5: Basic lens design parameters. As many parameters as possible are kqpt constant 
across all design variations. Optic zone diameter and minimum optic zone thickness are 
changed for cases 7 to 10 in order to limit overall thickness to realistic values. Refractive 
index of lens material is 1 A2 throughout 



Case 


BVP 


Modulas 


Everted 


LD 


BOZR 


U 


OZD 




(») 


(MPa) 




(mm) 


:!(nmi) 


(mm) 


(mm) 


. (mm) ' 


9 


+10 


1.0 


Yes 








6.00 


0.20 


1 


+6 


1.0 


Yes 












2 


+0 


1.0 


Yes 












3 


-6 


1.0 


Yes 












4 


-10 


1.0 


Yes 








8.00 


0.08 


12 


-10 


1.0 


No 


All 


AU 


All 


5 


-10 


0.2 


Yes 


13.8 


8.60 


0.08 






6 


-10 


2.0 


Yes 












11 


-10 


10.0 


Yes 












7 


-20 


1.0 


Yes 










0.04 


8 


-30 


1.0 


Yes 








6.00 


10 


-35 


1.0 


Yes 













25 
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Eversion Step and Everted Geometry Results 

The test lenses were first everted in iho absence of tfie eye. Since the lens material 
is assumed to be purely elastic, the order of loading is unimportant To evert tiie lens, the 
edge was first constrained in the axial direction. The back surface was flien subjected to a 

10 forced displacement sufficient to bring the lens into an approxinMtely everted sh^. 
Lastly, the lens was allowed to relax into its final everted shape by fixing the central point 
of the (new, resultant) back surface in space and removing all constraints. At each stage 
in the modeling process, points on the axis of synunetry were constrained to have no 
motion normal to the axis. The relationship between the everted and non-everted 

15 geometry of each test lens is shown in Table 6. Since the everted geometry depends on 
the relative stresses between diiSerent parts of the lens (not on absolute stresses), we 
expect that two lenses with identical geometry but different moduli will have identical 
ev^ted shapes. This expectation is bome out in the results of Table 6. Note also tiiat it is 
possible to construct a leiis having no stable everted shape, or an everted shape having 

20 stability characteristics such that it may be difiScult to attain or m ai nt ai n the evasion. 

Figure 29 shows the everted back surface shapes of representative plus-powered 
(case 1), minus-powered (case 4) and high-minus-powered (case 8) lenses. The evolution 
of a "staircase" back surface sh^e with increasingly negative power is apparent This 
staircase shj^je divides the lens into aimular regions of different gap and pressure 

25 characteristics. 

Table 6: Change in back surface diameter and sag height of the everted test 
lenses. Original diameter and sag for all lenses were 13.8 mm and 3.47 mm respectively. 
All lenses became wider and flatter y/hea everted. Other parameters being equal, modulus 
has no effect on everted geometry (cases 4-6). Minus-powered lenses adopt a **staircase'' 
30 back surface shape whCT everted (see Figure 29). 



Case 


Power 


Modulus 


Diameter 


ADiameter 


Sag 


ASag 




(MPa) 


(mm) 


(mm) 


(mm) 


(mm) 


9 


+10 


1.0 


13.91 


0.11 


3.47 


-0.22 


1 


4^ 


1.0 


13.90 


0.10 


336 


-0.10 


2 


+0 


1.0 


13.91 


0.11 


3.43 


-0.04 


3 


-6 


1.0 


13.94 


0.14 


3.40 


-0.06 


4 


-10 


1.0 


13.99 


0.19 


335 


-0.11 
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5. 


-10 


0.2 


13.99 


0.19 


3.35 


-0.11 


6 


-10 


2.0 


13.99 


0.19 


3.35 


-0.11 


11 


-10 


10.0 


13.99 


0.19 


3.35 


-0.11 


7 


-20 


1.0 


13.93 


0.13 


3.43 


-0.04 


8 


-30 


1.0 


13.99 


0.19 


3.42 


-0.04 


10 


-35 


1.0 


14.04 


0.24 


3.38 


-0,09 



5 

Model Eye 

Qosed-eye pressure profiles are simulated by the introduction of a solid cornea 
and section of sclera- The eye shape profile is assumed to be rotationally symmetric, and 
has geometric parameters considered to be representative of the population average. In 
10 particular, central corneal radius ro = 7.8 mm, corneal diameter CD = 12.5 mm, corneal p- 
value p = 0.75, and scleral radius SR = 12.0 mm. 

Pressure Step and On-Eye Pressure Results 

After eversion, an inflexible model eye is introduced A more advanced version 
of the model, however, may include a flexible or malleable eye. The model eye is 

15 constrained to have no translational or rotational motion. All constraints are removed 
Scorn flie model contact lens, except fliosc required by symmetry, and an external force 
consisting of a constant normal pressure on the anterior surface of the lens is iniposed. 
The pressure exerted by the closed eyelid is estimated to be in the range of 100-300 Pa; 
here a piessure of 200 Pa is used. The finite element contact algorithm is activated in ttns 

20 phase of the analysis. For contact analysis, the anterior surface of the lens is overlaid vnfti 
"contact" elements, and the surface of the eye is overlaid with •^target* * elemoits. These 
two element types detect mutual proximity and contact, and, when contact between flie 
two surfaces is established, simulate the proper physics of sliding, pressure etc. between 
them. Upon the imposition of the pressure force, the model is run to static equilibrimn. 

25 The ev^ed contact lens is thus pressed onto the model eye, and its ^ape change, internal 
stress state, contact pressure and the like are recorded. 

The final results for the eleven evoted lens test cases are summarized in Figures 
30-41. Jn each figure, the top panel shows the back sur&ce of everted lens in the '^just 
touching" or off-eye configuration, before pressure is applied, and also in flie equilibrium 
30 on-eye configuration after pressure is applied. The flexure of tibe everted lens by the 
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5 eyelid is thus visible. When the eyelid is opened, the lens will tend to return to its everted. 
*'just touching" configuration. Thus, die plot helps to visualize the ^sucking^ or 
'"pumping" action of the lens as the wearer blinks. 

The middle panel shows the pressiure felt by the eye, and the gap between the eye 
and lens. The scale is identical across all the figures, so that they are directly comparable. 

10 The lower panel shows back surface stress difference within the contact lens, i.e. 

(closed-eye stress)-(open-eye stress). A negative value indicates that the stress became 
more compressive when ttie eyelid pressure was applied. In general, making die lens 
steeper (increasing its curvature) in some region will give compressive hoop stress. The 
stress difference is useful to picture how out-of-equilibrium flie lens becomes, after being 

15 subjected to eyeUd pressure. 

hi case 12, a non-everted -lOD contact lens with a modulus of 2.0 MPa is pressed 
onto the eye. The resultant pressure and gap profiles are shown in Figure 41 . The mean 
pressure in an annular zone approximately 3.25-3.80 mm fix>m die center of the lens is 
higher tiian the mean pressure in the annular zone approximately 0-3.25 mm &om die 

20 center, hi addition, for tins case, an additional annular zone of lower pressure exists 
approximately 3.80-6.80 mm fix>m the center of the lens. This overall pressure profile 
will, it is anticipated, result in a redistribution of comeal thickness away from the zone of 
higher pressure. Due to the small gaps and relatively low gradients in pressure that exist 
under this contact lens, it is expected that this contact lens will have a only small comeal 

25 reshaping effect. However, it should be noted that pressine gradients suitable for comeal 
reshaping could be achieved through non-everted soft lenses albeit its efficacy may be 
below those of everted lenses. 

Lens Design Process 

There are sev^al ways in which the current model may be used to design a soft 
30 contact lens which, when everted, will produce predictable pressure and gap profiles, and 
hence a predictable orthokeratology effect The clinical results described elsewhere in 
this document fomi a reference set by which the orthokeratology effect of a number of 
particular lens designs is known. The clinical results tiierefoie embody a series of 
connections between known outcomes and particular lens designs. 
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5 The model may be applied iteratively in order to inteipolate or extrs^late flie 

known designs associated with known outcomes. For example, the experimenter may 
start with measurements of a patimt^s corneal shq>e and refractive error, and hence the 
required outcome. The lens design process then begins with the known lens design that is 
understood, from clinical results, to produce an outcome closest to the desired outcome. 

10 The gsq) profile, for instance, may then be adjusted by the experimenter by adjusting the 
non-everted front surface shape of the lens. Each iteration may be tested by running the 
model. The pressure profile may then be adjusted by similar experimentation with lens 
thickness, and modulus if appropriate. In this way the experimenter can arrive at an 
acceptable orthokeratology outcome ovct the course of several model runs. To produce a 

15 usable contact lens, the experimenter would then adjust the optical zone in order to 
deliver acceptable visual performance, then adjust the edge shape and other finer details. 
The lens may then be fabricated. Each successful design, havmg been tested on-eye and 
its clinical outcome determined, becomes a part of the original knowledge set, thus 
accelerating the process for the next design. 

20 More efficient improvements on the basic method described above can be 

devised. Many of these methods involve some kind of state-space model for reaching a 
solution, hi one variation, a **response surface** is constructed by deriving sqyproximations 
to tihe derivatives of the model outcome parameters with respect to the iiqput design 
parameters. From knowledge of the model results at a number of locations in input- 

25 parameter space, an qiproximate response surface may be constracted using interpolating 
ftmctions such as Taylor series. The response surface provides information about how the 
model results will change in response to a specified change in one or more input design 
parameters. The experimenter may use this state-space model to r^idly •^zoom in" on a 
particular design solution. In addition, such an approach may be made part of the model, 

30 so that the search for acceptable solutions becomes at least semi-automated. The response 
surface method described here is one of a broad family of extensions to the basic mediod, 
known variously as ^fimction minimization**, 'Multidimensional minimizatioQ", 
"optimization-, "extremum search methods", and other names that will be recognized by 
tiiose skilled in the art 
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The methods described above may be used to develop contact lens designs on a 
custom basis. By measuring a single patient's corneal sh^ and rejB:active error, and 
proceeding as described, a lens specific for that patient may be designed and fabricated 

The methods described above may be used to develop designs (stock control 
units) for specific groups of patients. By accmnulated experience, or by an analysis of the 
sensitivity of outcomes to various design parameters, it will be q)pareiit to Hxe 
expCTmenter that such designs exist. To develop such designs, the expenmeatsr may take 
a specific lens design, and run ttie model several times while varying the input parameters 
corresponding to patient details (corneal geometry etc.). The design in question may then 
be rated as to its performance in each case. The range of patiCTts for which it is suitable 
may therefore be determined. In an alternative procedure, flie experimenter may begin 
with a number of patients suspected or known to havcl similar outcomes in other 
orthokeratology treatment modalities (e.g. RGP), and iteratively design a lens having 
acceptable performance for all patients in the group. It will be appreciated that a 
combination of these two approaches is also possible. 

Using the procedure described above, it will be possible to choose a range of lens 
designs, each meeting the needs of a certain patient groiq>. To cater for the needs of a 
wide population of patients, it may therefore be needfiil only to manufiu:ture a much 
smaller number of contact lens designs (stock control units). Such stock control units may 
be mass-produced for wide distribution using current lens molding technology, for 
example. 

Variations may be made to the methodologies described above without departing 
fiom the scope of the invention. In particular, the finite element model (or o&er pressure 
estimation model) may vary &om that described herein. 

However, a combination of mathematical modeling and clinical observations wiU 
enable the design of precisely shaped soft contact lenses for precision comeal reshaping. 



wo 2005/022242 



PCT/AU2004/001156 



23 

5 CLAIMS: 

1. A soft contact Iras having a generally concave posterior surface for fitting 
to the eye of a wearer, and a convex anterior surface, the contact lens having mechanical 
properties and/or a geometric shape such that when the lens is fitted to the eye the 
pressure applied to the eye by or via the lens will vary in a radial direction between at 
10 least one zone of higher pressure and at least one zone of lower pressure, the pressure 
gradient between said zones, and the location of said zones, being selected so as to cause 
a dimensional change to the surface layar of the cornea of the eye to tiiei^y at least 
temporarily cause the refiactive state of the eye to change. 

2. A soft contact lens according to claim 1 wherein said posterior surface has 
15 a shq>e that differs fi-om the contour of flie eye such that a first annular portion of the lens 

at a selected radial distance fiom the center of the lens will be closer to the surface of flie 
eye than a second annular portion of the lens at a different second selected radial distance 
fix)m the center of the lens. 

3. A soft contact Iras according to claim 2 wherein the pressures applied to 
20 the eye at the first annular portion and at the second annular portion are such as to define 

a pressure gradient which is sufBcienUy steep that epithelial thickness will tend to 
increase &om the zone of high pressure towards the zone of low pressure. 

4. A soft contact lens according to any preceding claim wherein the lens is 
constructed so as to have a natural orientation and an everted orientation, the lens being 

25 stable in both orientations, and wherein the posterior sur&ce of the lens in said everted 
orientation is defined by the anterior sur&ce of the lens in said natural orientaticm. 

5. A soft contact lens according to any preceding claim wherein the lens is 
formed of a mataial with oxygen transmissibility greater than 87 baners. 

6. A soft contact lens according to any preceding claim wherein the Iras has 
30 an elastic modulus of between 0.2 and 10.0 MPa. 

7. A soft contact lens according to any preceding claim whoein the lens is 
conqmsed of a silicone hydrogel material. 
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8. A soft contact lens according to any preceding claim wherein the lens has 
a back vertex power of between +1 OD and -35D. 

9. A soft contact lens according to any preceding claim wherein the lens has 
a center thickness of between 0.04 mm and 0.31 mm. 

10. A soft contact lens according to any preceding claim havinjg an annular 
' zone of lower pressure at a distance less than approximately 4 mm finom the center of the 
lens. 

11. A soft contact lens according to any preceding claim having an anmil^ 
zone of higher pressure at a distance of approximately between 3 mm and 6 mm fiom the 
center of the lens. 

12. A method of refiractive error reduction of an eye by corneal reshaping 
including the steps of: 

determining the required refractive correction for the eye; 

characterizing the surface shape of at least that part of the eye whidh is to be 
subjected to reshs^ing; and 

selecting a soft lens formed of a material and having a geometric configuration 
such that when fitted to the eye will apply pressures to the surface of the eye in such 
manner as to assist in the required corneal reshaping. 

13. A method according to claim 12 wherein said selection process involves a 
modeling process adapted to predict anticipated pressures and different zones of the 
wear«*s eye. 

14. A method according to claim 13 wherein said modeling process is a finite 
element modeling process. 
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Case 4: -10.00D, 1.0 MPa 
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Case 5: -10.00D, 0^ MPa 
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Case 6: -10.00D, 2.0 MPa 
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Case 7: -20.00D, 1.0 MPa 
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Case 8: -30.00D, 1.0 MPa 
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